Abstract Recent studies have demonstrated that the energetic profitability (net energy intake potential; NEI potential) of a habitat, which is calculated as the gross energy gain from foraging minus the energy expenditure from swimming at a focal point, may be a useful tool for predicting the salmonid biomass. The effectiveness of the NEI potential should be tested in various systems. Even if the NEI potential is validated, its predictive accuracy and transferability could be limited if the cover habitat, which is known to be an important factor for determining salmonid abundance, is not considered. We tested whether the NEI potential is effective for predicting the salmonid biomass even in a stream with abundant cover and whether combining the NEI potential and cover effects can improve the predictability of fish biomass using a generalized linear model. Our results demonstrated that the NEI potential could generally predict the fish biomass (percent deviance explained=79.9 %), and the model that incorporated both the NEI potential and the cover ratio improved the predictive accuracy (percent deviance explained = 88.5 %). These results suggest that energetic profitability can be an effective indicator for assessing habitat quality and is relatively transferable to other systems. Furthermore, when cover effects are considered, the habitat quality is more accurately represented; thus, combining the energetic profitability and the cover effects might improve the transferability of the assessment across habitats.
Introduction
Freshwater habitats have been severely degraded by various human activities (Behnke 1990; Dynesius and Nilsson 1994) , and habitat degradation has played a key role in the decline of salmonid populations (Gregory and Bisson 1997) . Salmonid populations are valuable for commercial and recreational fishing and promote the maintenance of stream ecosystems. Numerous studies have focused on assessing habitat quality to recover and conserve salmonid populations (see Fausch 1988 and Rosenfeld 2003 for reviews). The most common approach involves identifying the physical habitat features that regulate salmonid populations. Several models have represented fish abundance as a function of these physical habitat variables (Fausch 1988) ; however, these models were based on observational data, which frequently vary among study locations (Inoue et al. 1997) . As a result, models obtained in a particular location are typically not easily applied to other systems (Fausch 1988; Bourgeois et al. 1996) .
Habitat models have been developed based on fish preferences for microhabitat variables, such as the current velocity, depth, substrate size, and distance from cover at the focal point, and these models have generally been successful in assessing habitat quality under particular conditions (e.g., Urabe and Nakano 1999; Guay et al. 2000 Guay et al. , 2003 Mäki-Petäys et al. 2002) . However, the preference-based approach does not consider prey availability, which is a factor that significantly affects habitat quality (Cada et al. 1987; Filbert and Hawkins 1995; Nislow et al. 1998; Giannico 2000; Imre et al. 2004) . Therefore, the applicability of the preferencebased approach to other systems with different prey productivity is limited (Rosenfeld et al. 2005; see Mäki-Petäys et al. 2002 for an alternative view).
An alternative approach that combines both the physical habitat and prey availability in evaluating habitat has emerged from studies focusing on energetic profitability (Net energy intake potential; NEI potential) of a habitat, which is estimated as the gross energy gain from foraging minus the energy expenditure from swimming at a focal point using a bioenergetics model (Fausch 1984; Hughes and Dill 1990) . These and other studies (Hughes 1992a, b; Guensch et al. 2001; Hayes et al. 2007; Jenkins and Keeley 2010) have demonstrated that fish consistently distribute themselves in a way that maximizes their NEI potential (Fausch 1984; Hughes 1992a, b) . A direct linkage between the NEI potential of habitats and the growth rate, a critical component of fitness, has also been indicated (Nislow et al. 1999 (Nislow et al. , 2000 (Nislow et al. , 2004 Rosenfeld and Boss 2001; Rosenfeld et al. 2005) . From these studies, we can hypothesize that a greater abundance of high-NEI-potential (energetically profitable) positions in a given area of a stream may result in a higher fish biomass because the number and/or size of the fish will be greater.
This relationship might be more robust and transferable than that reported by conventional approaches. In fact, recent studies conducted in other regions, where the environmental background differed greatly from those in the original studies, reported that the NEI potential of a given stretch of stream was closely correlated with the fish biomass (Hayes et al. 2007; Jenkins and Keeley 2010; Urabe et al. 2010) . Although additional studies are necessary to validate and refine these findings, the studies cited here suggest that a bioenergetics model would be a significant tool for habitat management.
However, approaches based on the energetic profitability (NEI potential) of a habitat are still imperfect for assessing habitat quality because the NEI potential does not consider the effect of cover on individual fitness. Cover can increase fitness by reducing the predation mortality (Helfman 1981) , providing velocity refuges (Fausch 1993) , and mitigating the competitive interactions among individuals at some age classes by visual isolation (Fausch 1993; Imre et al. 2002) . Therefore, the combination of cover effects and the NEI potential may represent a better approach for assessing habitat quality. In the present study, we tested whether the NEI potential is effective for predicting the salmonid biomass even in a stream with abundant cover and whether the combination of the NEI potential and cover abundance can serve as a better predictor of habitat quality.
Materials and methods

Study site
The study was conducted in the Ironnebetsu Stream (channel length of 15.1 km; watershed area of 38.8 km 2 ), a small tributary of the Musa River in the Shibetsu River watershed, northern Japan (Fig. 1) . The Ironnebetsu Stream is dominated by a pebble and cobble substrate and broadleaf forest cover in the riparian zones. The width of the study reaches was 2.9±0.85 m (mean±SD), the depth was 29.8±11.9 cm, the current velocity was 44.5±15.8 cm/s, and the bed slope was 0.9±0.2 %, which were generally suitable habitat features for stream salmonids. The study reaches were meandering channels with pool-riffle sequences. Undercut banks and accumulated woody debris were present, particularly at the outer bends of the reaches. Although masu salmon (Oncorhynchus masou Brevoort), which typically become smolt at the age 1+, is the dominant native species in the Ironnebetsu Stream, other salmonid species, such as Dolly Varden (Salvelinus malma Walbaum), white-spotted char (S. leucomaenis Pallas), and rainbow trout (O. mykiss Walbaum), are also present. The biomass of all four of these salmonids was used in the present analysis. Fishing is strictly prohibited year-round to preserve and enhance the masu salmon stock in the Musa Stream drainage, including the Ironnebetsu Stream.
We established four study reaches (200 m in length) in the Ironnebetsu Stream (Reaches 1-4 in Fig. 1 ) and selected nine to ten channel units in each of the study reaches (riffle: n=19, pool: n=19, unit length: 5-10 m). We surveyed fish populations and measured the physical attributes of each channel unit. In each reach, drifting invertebrates were collected at one riffle unit that was considered to be representative of the study reach (see "Drift sampling"). The field surveys were conducted from late July to early August 2008 during the summer base flow, when the stream temperature and flow regime were relatively stable.
Measurement of physical variables
We measured the physical parameters that were essential for calculating the NEI potential of the study channel units: the current velocity at 60 % of the depth, the bottom current velocity, and the depth [see Table 1 and Eqs. (1)- (4)]. In each channel unit, the current velocity and depth were quantified at five equally spaced points at 1 m intervals on transects that were perpendicular to the flow of the stream (Fig. 2a) . As a result of this procedure, approximately 1 m×0.5 m grids were generated in the study units. This system's spatial resolution for assessing the habitat quality was nearly equivalent to the size of the territories of juvenile stream salmonids (Keeley and McPhail 1998) . The current velocity was measured using a portable electromagnetic flow-meter (Flow-MATE Model 2000; Marsh-McBirney Inc., Frederick, MD, USA).
We also quantified the cover area in each channel unit. Woody materials, grasses, and undercut banks (both below the water surface and up to 40 cm above the water surface) were defined as cover in the present study. The area of each cover feature was calculated by multiplying the cover length and the average cover width (Fig. 2b) and summing the cover area. The average cover width was the mean of three widths at 1/4, 1/2, and 3/4 of the cover length (Fig. 2b) . Ultimately, the cover ratio (total cover area: channel unit area) was used for the data analysis and model construction. Sampling station of drifting prey 1 Fig. 1 The locations of the study streams, the sampling reaches, and the drift sampling stations Environ Biol Fish (2014) 97:575-586 
Drift sampling
To estimate the prey density, we collected drifting invertebrates at a riffle in each study reach. The sampling points were set at riffles characterized by the average physical conditions (width, current velocity, and depth) near the center of each study reach. The study reaches were short (200 m in length), and their surrounding environments were relatively uniform. Therefore, we regarded the drift samples as representative of each study reach. These samples were used to calculate the NEI potential for each channel unit. The drifting invertebrates were sampled according to the methods of Urabe et al. (2010) . Four drift nets (600 μm mesh, 25 cm×25 cm mouth openings, and 1 m net length) were arrayed near the center of the stream flow for 60 min (Fig. 2c ). The proportions of the total widths of the four nets to the stream widths at the sampling points were calculated to confirm the efficiency of the drift sampling. The openings were set to extend more than 3 cm above the water surface to capture the floating terrestrial invertebrates. Drifting density is generally stable during the daytime (e.g., Miyasaka and Nakano 1999; Smock 2006) . Thus, we sampled the drift between 05:30 and 06:00 h (approximately 1 h after sunrise) and regarded these samples as representative of the prey condition in each reach. The water volume that was sieved by the nets was estimated from the current velocity measured at 60 % of the depth, the total area of the opening below the water surface, and the collection time.
We also recorded the current velocity in front of the nets at the beginning and end of the collection. We compared the velocities to estimate the filtering efficiency of each net (i.e., the ratio of the velocities at the beginning and end of the collection). All of the samples were preserved in 99 % ethanol and analyzed in the laboratory. The invertebrate body lengths were measured under a microscope. The invertebrates were dried at 55°C for 24 h and weighed to the nearest 0.1 mg. The prey density for each net was calculated by dividing the total dry weight by the water volume sieved by the nets.
Fish population survey
The fish were captured in each channel unit using a backpack electrofishing unit (Model 12A, Smith-Root Inc., Vancouver, WA, USA). The number of each salmonid species in each channel unit was estimated using the three-pass removal method (Carle and Strub 1978) . We also measured the weights (g) and the fork lengths (cm) of the captured fish. The biomass of each species was calculated from the estimated number of fish and the mean body weight, and the sum of the biomass was defined as the total biomass in the unit. Stream salmonids generally require similar habitats (Bjorn and Reiser 1991) and partition identical resources (i.e., habitat capacity) through intra and/or interspecific competition in the sympatric area (Nakano and Furukawa-Tanaka 1994; Nakano 1995) . Therefore, the use of the total salmonid biomass was reasonable to evaluate the salmonid carrying capacity of the reaches. Dolly Varden may shift prey from drifting to benthic items in the presence of other salmonids (Fausch et al. 1997; Nakano et al. 1999) . However, the effects of such biological traits on our analysis were likely negligible because most of the captured fish were masu salmon and not Dolly Varden (3.8 % of all fish).
Description of the bioenergetics model
The bioenergetics model used to estimate the NEI potential in this study is a simple cost-benefit foraging model (Table 1) . The NEI potential is expressed as the difference between the gross energy intake (GEI) from the prey resources and the swimming cost (SC) required to remain at the focal point (Fausch 1984; Hughes and Dill 1990) . The NEI potential at a given point i (NEI i ) is calculated from the following equations:
where CA i and V fg,i are the capture (foraging) area (cm 2 ) and the current velocity (cm/s) at foraging point i, respectively, and D and PE are the prey density (mg/m 3 ) and prey energy content (J/g), respectively, based on the dry weight of the prey. Because most of the drift invertebrates belonged to the class Insecta (98 % of the total prey weight), we used 20,189 J/g (from Cummins and Wuycheck 1971) as the PE value. The CA i shape can be specified by one of five possible patterns and is dependent on the water depth, the current velocity, and the maximum capture distance (MCD i ) at the focal point (Urabe et al. 2010) . The CA i shapes and the MCD i definition are presented in Fig. 3 . The two basic CA i patterns are represented by the following equations:
and
Equations 3 and 4 correspond to patterns 1 and 3, respectively (Fig. 3) . Pattern 1 is used when the depth is greater than the MCD and the fish are at the bottom.
Pattern 3 is used when fish at 60 % depth display a shorter MCD than the distance from the fish to the water surface and stream bed. Pattern 2 is a semicircle that is partially truncated by the stream surface (Fig. 3a) . Pattern 4 is a circle truncated by the stream bed, and pattern 5 is a circle truncated by both the water surface and the stream bed (Fig. 3b) .
The transected measurement points (see "Measurement of physical variables" in this section) were regarded as the virtual focal points, and the NEI potential was calculated at each focal point (Fig. 2a) . The NEI potential was averaged in each channel unit and used for the analysis. We selected the best equation to calculate the CA i for each measurement point based on the relationship between the focal point current velocity (V fp,i ), the foraging point current velocity (V fg,i ), the MCD i , and the depth i . Of the two current velocities (the current at the bottom and at 60 % of the depth) at each measurement point, we specified the slower current velocity as V fp,i and the faster velocity as V fg,i . The fork length (FL) and body weight (BW) of the salmonids, the prey length (PL), and the prey density (D) obtained from the field surveys were used to calculate the NEI i (Table 1) . The FL and BW were defined as the means of all of the individuals of all salmonid species for each unit. The PL and D were defined as the means of the four sampling nets from each study reach. All of the equations or values used to calculate the NEI potential are presented in Table 1 .
To calculate the NEI potential, we assumed that the fish foraged on all of the drifting prey that passed through the capture area. Based on previous studies that demonstrated that foraging success can vary with the current velocity and foraging distance (Grossman et al. 2002; Hughes et al. 2003; Piccolo et al. 2008 ), our assumption may yield an overestimate of the NEI potential; thus, the NEI potential value from the present model is only an estimate. However, previous studies have demonstrated that models that did not consider the capture probability effectively estimated fish position choice and abundance (e.g., Hughes and Dill 1990; Guensch et al. 2001; Jenkins and Keeley 2010; Urabe et al. 2010 ). This finding implies that the calculations using an approximate estimate are acceptable for a relative comparison of the NEI potential among sites.
Based on these assumptions and equations, we calculated the NEI potential for each measurement point, and the average NEI potential was estimated for each unit. In the calculations of the average NEI potential, Stream bed MCD for pattern 3 Fig. 3 The five possible shape patterns for the capture area (CA) modified from Urabe et al. (2010) . We hypothesized that if the bottom velocity is slower than the water column velocity, the fish will remain at the bottom (a); otherwise, the fish will swim at 60 % of the total depth (b). In pattern 1, the maximum capture distance (MCD) minus 3 cm is less than the depth of the stream; thus, the pattern includes the entire semicircle centered at the focal point. In pattern 2, in which the depth is lower, a portion of the semicircle is truncated by the stream surface. Pattern 3 consists of a complete circle, pattern 4 is a circle partially truncated by the stream bed, and pattern 5 is a circle partially truncated by both the stream bed and the water surface negative values were treated as 0 because they are meaningless for fish.
Data analysis
We built three generalized linear models (GLMs; Crawley 2002) with the observed salmonid biomass as the dependent variable and either the NEI potential, the cover ratio, or both as the independent variable(s) (error distribution, Gaussian; link function, identity). Consequently, three GLMs (NEI potential, cover ratio, and full models) were produced. Using these GLMs, we tested whether the NEI potential effectively predicted the salmonid biomass even in the presence of abundant cover and whether considering the cover effects contributed to an improved predictive accuracy of the fish biomass. Urabe et al. (2010) demonstrated that the relationship between the salmonid biomass and the NEI potential was expressed as a power function, likely due to the density effect. Therefore, we adopted the NEI potential as a power term, and its index varied from 0.0 to 1.0 (one decimal place). Although salmonid abundance generally increases with cover ratio, excess cover may negatively impact the salmonid biomass by reducing foraging efficiency (Wilzbach et al. 1986 ). Therefore, we adopted the full model with a quadratic cover term:
The model was selected using the corrected Akaike Information Criterion (AICc) (Burnham and Anderson 1998) in a best-subset selection procedure. Both the quadratic and linear terms were incorporated into the cover ratio model. When the models displayed a similar explanatory power (ΔAICc<2), the model with the lowest AICc was selected as the best model. To confirm the fit of the best model, we assessed the percent deviance that could be explained by the model [100×(1−residual deviance/null deviance)] (see Dobson 1999) and the relationship between the observed and predicted values. If the full model was selected as the best model, we compared the ΔAICc between the models from which either the NEI potential or the cover ratio was removed to determine which variable exerted a greater influence on the prediction. All of the statistical analyses were performed using the statistics package R, version 2.10.1 (R Foundation for Statistical Computing, Vienna, Austria).
Results
The drift sampling efficiencies were high for all of the nets. The ratio of the current velocity at the end of the collection period to the current velocity at the beginning of the period was 0.988±0.066 (mean±SD), and the proportion of the total widths of the four nets to the stream width at each sampling point was relatively consistent among all reaches (29, 33, 38, or 43 % at each sampling point). These conditions allowed us to evaluate the abundance of the drifting prey. The PL and D for each study reach ranged from 3.65 to 4.13 mm and 0.0572-0.0709 mg/m 3 , respectively (Tables 1 and 2 ). The fish biomass ranged from 0.05 to 43.03 g/m 2 in each channel unit (Table 2 ). Masu salmon were the most abundant fish captured (93 % of all fish), and 97 % of them were the young-of-the-year (FL: 27-104 mm). The mean FL and BW in the study units ranged from 37.7 to 101.0 mm and 0.60-21.91 g, respectively (Table 1 ). The cover ratio was 25.5 ± 24.4 % (mean±SD), with a range of 0-90.3 %, and the estimated NEI potential was 138.0±88.0 J/h, with a range of 11.2-394.8 J/h ( Table 2) .
The following full model displayed the lowest AICc and was selected as the best model to predict the salmonid biomass (Table 3) : fish biomass=0.46×(mean NEI) 0.6 −54×(cover) 2 +60×(cover). Although the explanatory power was equivalent for the models with NEI exponents ranging from 0.3 to 0.8 (ΔAICc<2), the model with an exponent of 0.6 displayed the lowest AICc. The predictability of the NEI potential model as well as the full model was generally high. However, the percent deviance explained by the full model (88.5 %) was higher than that explained by the NEI potential model (79.9 %) and the values predicted by the full model exhibited a better fit to the observed values than the predictions of the NEI potential model (Fig. 4) . The NEI potential model overestimated the salmonid biomass in the channel units with a low cover ratio, whereas it underestimated the biomass for the units with a high cover ratio (Fig. 4a ). The best model, which incorporated the cover factors, improved the estimations (Fig. 4b) . The ΔAICc was higher when the cover ratio parameters were removed from the full model (ΔAICc=16.3) than when the NEI potential was removed (ΔAICc=14.0).
Discussion
In agreement with recent studies (Nislow et al. 2004; Hayes et al. 2007; Jenkins and Keeley 2010; Urabe et al. 2010) , we demonstrated that the energetic profitability of the habitat is an effective basis for estimating salmonid biomass [ Fig. 4a (percent deviance explained= 77.9 %)]. This observation suggests that the NEI potential can be used to effectively evaluate the habitat quality in our study system, even though the environmental conditions at our site might differ significantly from those in other studies. Previous studies have demonstrated that fish selectively use a focal point with a high NEI potential (Fausch 1984; Hughes and Dill 1990; Guensch et al. 2001; Jenkins and Keeley 2010) and that such positions produce high individual growth rates (Fausch 1984; Nislow et al. 2000; Rosenfeld et al. 2005) . Growth during the summer strongly affects winter survival (Hunt 1969; Smith and Griffith 1994) and reproductive population traits, such as the age at which fish become smolt (Metcalfe and Thorpe 1990) . These findings suggest that the NEI potential during the summer may be a key determinant of the local population level across various systems. We also observed that the effect of the cover ratio on the fish biomass were stronger than that of the NEI potential. Consequently, the predictability of the model was enhanced by combining the NEI potential and the cover ratio [ Fig. 4b (percent deviance explained= 88.5 %)]. In general, functions of cover are categorized into three types: providing shelter from (1) current velocity and (2) predators and (3) mitigating the competition intensity among individuals at some age classes. Cover creates a low-current-velocity area by intercepting the fast water current (Nagayama et al. 2009 ). Focal points with a low current velocity reduce the swimming cost and enhance the profitability of a foraging position (Fausch 1993) . The positive effects of velocity shelter on habitat quality have been evaluated already as the NEI potential. Therefore, the improved predictive ability of the full model that combines the NEI potential and the cover ratio was likely to be attributed to the other two effects of cover.
Overhead and lateral cover types are most likely to provide shelter from terrestrial and aquatic predators (Helfman 1981; Fausch 1993; Lonzarich and Quinn 1995; Spalding et al. 1995) , and lateral cover can also visually isolate individuals and reduce the level of interference (Fausch 1993; Imre et al. 2002) . These cover functions contribute to an increase in the availability of energetically profitable foraging positions. In the present study, we observed that when the fish biomass was predicted using only the NEI potential, it tended to be underestimated at reaches with abundant cover and overestimated at reaches with little cover (Fig. 4a) ; these estimation errors were remedied by incorporating cover ratio (Fig. 4b) . When the predation pressure and competitive intensity among individuals are higher due to scarce-cover conditions, fish cannot always use the profitable position even if it is present, which likely results in the overestimation of fish biomass by the NEI potential model. In contrast, the use of the profitable position by fish might be facilitated under the abundant-cover conditions. Thus, we concluded that the cover structures could enhance the carrying capacity via an increase in the availability of energetically profitable positions for fish. Although combining energetic profitability and cover effects would represent a more biologically meaningful approach to assessing habitat quality and thus may be more transferable across different systems than the conventional approach, some technical problems persist. For example, the fish size influences the calculation of the NEI potential through the estimation error of the MCD. Consequently, an increased size variation would decrease the accuracy of the prediction. At our study site, almost all of the captured fish were young-of-theyear masu salmon (>90 %), and our system assumed that all of the fish in a channel unit were the same size. However, in reality, salmonid populations often comprise multiple size (age) classes and species. In addition, the potential importance of cover among streamdwelling salmonids could vary depending on the food availability (Wilzbach 1985; Railsback et al. 2005 ) and presumably on the intensity of the predation pressure. These factors imply that the effect of cover on the fish biomass demonstrated by our model is not necessarily consistent across all systems. However, we propose that the NEI potential represents an important indicator for assessing the habitat quality for stream-salmonids during the summer. Additionally, considering the cover effects can enhance the effectiveness of the NEI potential as an indicator of the salmonid habitat quality in a particular situation. We believe that this result will help develop a new method for assessing the habitat quality that can be extended to the watershed scale and transferred across various systems.
To apply our findings to watershed management practices, factors affecting the NEI potential, such as the size structure of the fish (Jenkins and Keeley 2010) , prey abundance (Railsback and Rose 1999) , prey availability (Hughes et al. 2003; Hayes et al. 2007; Piccolo et al. 2008) , temperature (Jenkins and Keeley 2010) , and flow regime (Nislow et al. 2004; Railsback et al. 2006; Hayes et al. 2007 ), should also be considered. To obtain a comprehensive understanding of the complex effects of these factors on the NEI potential using only our approach would be extremely difficult. Process-based bioenergetics model (Hayes et al. 2007 ), which incorporates the effects of variations in spatio-temporal hydraulic and biological factors on the energetic profitability of local habitats, could greatly contribute to the understanding of the combined effects of those factors on the habitat quality. Hydraulic simulation studies, which have been employed in PHABSIM studies, can simulate the depth and velocity in any watershed locations (Beecher et al. 2002 (Beecher et al. , 2010 and thus could expand the potential of the process-based bioenergetic approach. In addition, combining the existing inventory data of habitat features (e.g., cover abundance and river width) with this approach would improve the management of watersheds.
